Nod factors are lipochitoligosaccharides originally produced by the soil bacteria Rhizobia that are involved in the symbiotic process with leguminous plants. Some synthetic analogs of the Nod factors present a strong biological activity, and the conformational behavior of these molecules is of interest for structure/function studies. Nod factor analogs containing an insertion of a phenyl group in the acyl chain at the oligosaccharidic non-reducing end were previously synthesized (Grenouillat N, Vauzeilles B, Bono J-J, Samain E, Beau J-M. 2004. Simple synthesis of nodulation-factor analogues exhibiting high affinity towards a specific binding protein. Angew Chem Int Ed Engl. 43:4644). Conformational studies of natural compounds and synthetic analogs have been performed combining molecular dynamics simulations in explicit water and NMR. Data revealed that the glycosidic head group can adopt only restricted conformations, whereas chemical modifications of the lipid chains, highly flexible in a water environment, influence the global shape of the molecules. Collected structural data could be used in the future to rationalize and understand their biological activity and affinity toward a putative receptor.
Introduction
Nodulation factor signals (Nod factors) are lipochitoligosaccharides synthesized and secreted by Rhizobium bacteria that play a fundamental role in the chemical dialog between bacteria and legume plants in the rhizosphere (Dénarié et al. 1996) . Their production is under the control of bacterial genes activated by flavonoids derived from host plants. Active at pico/nanomolar concentrations, nodulation factors are able to interact with legume plant roots and trigger the formation of nitrogen-fixing nodules necessary to start the process of the nitrogen fixation (Long 1996; Spaink 2000; Cullimore et al. 2001 ). The plant perception of these signals depends on specific receptor-like kinases containing LysM domains (Limpens et al. 2003; Madsen et al. 2003; Arrighi et al. 2006; Radutoiu et al. 2007 ). The structural details of the interaction are still to be elucidated, and only partial models of LysM domains interacting with chitooligosaccharides or Nod factors have been proposed so far (Mulder et al. 2006) . As this symbiotic association is of wide agronomic and ecological importance, providing the majority of terrestrial biological nitrogen fixation, the deep understanding of this process could be clearly useful for developing products able to promote this process.
Nodulation factors have a common structure characterized by a backbone of three to five N-acetylglucosamine (GlcNAc) residues, bearing an amide-bond fatty acyl chain at the non-reducing end and a variety of additional substituents. The substituents depend on the bacterial strain and the structural variations of the basic carbohydrate skeleton as well as the variation on the lipid moiety determine the host specificity in the symbiotic process (D'Haeze and Holsters 2002) . The Nod factors from Sinorhizobium meliloti, the symbiont of Medicago plant, consist of a chitotetraose with a O-sulfate group on the reducing sugar, and an O-acetyl and a C16:2 Δ2,9 fatty acid chain on the terminal non-reducing one. The sulfate group is required for recognition by Medicago plant cells, whereas the acetyl and acyl chains are important for infection and nodulation (Lerouge et al. 1990; Roche et al. 1991; Ardourel et al. 1994) .
The structural role of the lipid chain is still subject of discussions: it has been proposed to be required for receptor specificity, to play a role in membrane anchoring or sequestration into cellular membranes or to help in the formation of micro-aggregates. Thus, synthetic Nod factors could display a significant structure activity relationship (SAR) dependence on the sugar-lipid linking chemistry. Indeed, the use of synthetic Nod factors and analogs demonstrated that the length and the structure of the acyl chain play a role on both the morphogenic activity on legume roots (Demont-Caulet et al. 1999 ) and the affinity toward receptor-enriched cell suspensions (Gressent et al. 1999; Grenouillat et al. 2004 ).
In the absence of atomic three-dimensional structures of natural nodulation factors or their derivatives, NMR and molecular modeling have to be used to understand the effect of lipid chain modifications on conformation and the shape of Nod factors. Natural nodulation factors have been studied by a combination of dynamics calculations in implicit water combined with NMR experiments (Gonzalez et al. 1999) . The glycosidic backbone of the nodulation factors from S. fredii displayed a major and stable conformation, with a solventdependent orientation of the fatty acyl chain that can mostly adopt a quasi-parallel orientation to the oligosaccharide chain. Simulated annealing and NMR studies were also carried out on natural nodulation factors from S. meliloti to obtain information about their conformational behavior (Groves et al. 2005) . In this work, the importance of the lipid moieties was highlighted. Distinct lipid orientations were found, supporting that they contribute to a high degree of ligand specificity to Nod factor receptors.
We present here the conformational study of Nod factor analogs showing insertion of a phenyl group in the lipid at the sugar non-reducing end (Scheme 1). The synthesis of 1 and 2 was previously described, and the reported affinities toward a specific binding protein are in the same range of the affinity of compound N, a natural Nod factor of S. meliloti de-O-acetylated at C6 of sugar A (Grenouillat et al. 2004) . Additional analogs with different saturation degrees (3 and 4) have also been included in the present study. Introduction of an aromatic motif should stabilize the conjugates both chemically and metabolically. Furthermore, a combination of aromatic motif and different saturation degrees should affect the flexibility and conformational behavior of the compounds, and therefore their bioactivity. A combination of molecular dynamics (MD) simulations and the measurements of nuclear Overhauser enhancements (NOEs) have been performed to assess the relative orientation of the lipid and saccharide moieties in a hydrated environment and to explore how chemical modifications can influence the shape and behavior of these compounds in water.
Results and discussion

MD simulations
The 10 ns MD simulations in an explicit water environment were performed for the native and the four synthetic Nod factors described in Scheme 1. For compounds 2-4, two possible orientations of the η angle (defining the planarity and conformation of the linkage with the aromatic ring) have been taken into account (syn or anti). Details on the MD are reported in Supplemental data, Table S1 .
Analysis of the conformational behavior of the sugar moiety. The conformation of the tetrasaccharide moiety has been analyzed during the trajectories of all compounds. All the pyranose rings maintain their 4 C 1 conformation along the simulations. The amido group at C2 of all monosaccharides adopts stable conformations with H-C2-N2-H torsion close to 180°and a trans orientation of the NH-CO bond. Hydroxymethyl groups at position 6 show a more flexible behavior with frequent transition for the ω torsion. The "gauche-gauche" (ω = −60°) and the "gauche-trans" (ω = 60°) rotamers are observed during most of the simulation time, in agreement with a stable conformation for gluco configuration (Marchessault and Pérez 1979; Kirschner and Woods 2001) . Only the GlcNAc reducing unit presents mainly a gg orientation. The gt/tg/gg ratio for all the compounds is reported in Supplemental data, Table S2 .
The oligosaccharide scaffold shape is analyzed by monitoring the values of the Φ and Ψ conformations at each glycosidic linkage. The trajectories are superimposed on the MM3 adiabatic map of the chitobiose parent disaccharide (β-D-GlcpNAc(1,4)β-D-GlcpNAc) available at glyco3D (http:// glyco3d.cermav.cnrs.fr). Comparison of the conformational behavior of the natural Nod factor and synthetic compounds 1 and 4 are displayed in Figure 1 . Data for the other synthetic compounds are available in Supplemental data, Figure S1 . The conformations of all compounds mainly cluster in one low-energy region (≈95% occupancy) corresponding to the minimum of the adiabatic map, with the exception of minor torsion angle populations that occupy close areas. Even in the absence of transition to remote low-energy conformations, local flexibility is observed with variations of up to 100°in Ψ. The average value of glycosidic torsion angles for each compound can be found in Table I . The average angle values were similar in each compound, and the Φ and Ψ torsions of the glycosidic scaffold appear to be very stable around the main minima ≈−80°/−130°; significant differences arose only in minor populations. For instance, the glycosidic linkage B of compound 1 populates a region of space characterized by Scheme 1. Structures of the native (N) and synthetic Nod factors (1-4) taken into account in this study including labeling of the non-hydrogen atoms and definition of the torsion angles of the acyl chain. The carbon atoms at the sugar rings are named from 1 (anomeric) to 6 (hydroxymethyl).
Key structural features of synthetic nodulation factors Φ and Ψ torsion angles of ≈100°/−130°for 1% of the MD simulation, but the same conformation is not found in metasubstituted compounds.
The hydrogen bonds between adjacent residues are also analyzed. In the crystalline state, chitin and other β1-4-linked gluco polysaccharides usually display a strong O5-O3 interresidue hydrogen bond (Gardner and Blackwell 1975) . Indeed, strong polar contacts between the acceptor oxygen O5 of each GlcNAc residue and the donor hydroxyl group in position 3 of the successive residues are maintained during most of the simulation (occupancy ≈90%). The occupancy of the potential hydrogen bonds along the simulations is reported and listed in Table II, indicating that other hydrogen bonds can also occur. These strong interactions contribute to the stability of the sugar moiety in solution and explain the restricted variation of Φ and Ψ angles along the simulations. Exclusive polar contacts are found for compound 1, in which the nitrogen atom of the non-reducing end is involved in contacts with the oxygen atom from the lipid moiety. The sulfate group at the reducing end of the carbohydrate moiety does not establish contact with the rest of the oligosaccharide.
Analysis of the conformational behavior of the lipid chain. The flexibility of the lipid chain and analogs was analyzed by monitoring the torsion angles in the portion adjacent to the carbohydrate and looking for contacts between the carbohydrate and the acyl chain. The first five torsion angles adjacent to the phenyl group (or equivalent ones for compound N) are analyzed since the ones between the carbohydrate and the phenyl ring do not display flexibility. The observed distribution of dihedral angle values is displayed in Figure 2 for the natural Nod factor and synthetic compounds 1 and 4. Data for the other synthetic compounds are available in Supplemental data, Figure S2 .
For the lipid chain of the native Nod factor N, the planar torsion angle adjacent to the carbohydrate is followed by the dihedral angle α1, whose histogram contains a spread torsion distribution mainly around −97°; α2 angle values are mostly distributed around two peaks centered on 68°and 178°, whereas α3, α4 and α5 present three different peaks around 65°, 180°and −70°. However, in the five most populated families indentified, they mostly assume orthogonal features promoting a parallel behavior with respect to the carbohydrate scaffold.
Ortho-substituted compound 1 appears to be more rigid than the other Nod factor analogs. The torsion angle α1 is rather flexible and can assume values between 120°and −120°. The torsion angle α2 is much more rigid with values close to 180°. These two torsion angles strongly influence the three-dimensional shape of compound 1. This behavior is mostly due to the stable hydrogen bond that the oxygen of the acyl chain establishes with the nitrogen of the benzamide group. The torsions α3, α4 and α5 appear more flexible: main density peaks were found through the histograms analysis, around 65/178/−65°, 73/178°and 93/−108°, respectively.
In compounds 2-4 with a meta-substitution, differing in the degree of unsaturation at position 4 of the acyl chain (Scheme 1), the rotamers at the α1 dihedral angle are different. The anti conformer of 2 (η = 180°) presents distinct distribution of the torsion angle α1 around 180°with less Table I . Average values of glycosidic torsion angle calculated from 50,000 snapshots of each trajectory Key structural features of synthetic nodulation factors populated conformation around 5°. The syn form of 2 (η = 0°) presents a strong population with α1 around 125°and minor one around 45°. Compound 3, with a single bond on the acyl chain, presents more degree of freedom around α1 with respect to the structures previously described. Angles α2, α3 and α4 show mostly a flexible behavior with general preference for the staggered conformation. The conformational behavior of α5 depends on the nature (single, double or triple bond) of the adjacent linkage. The variation of flexibility of this torsion angle affects only the possible shape of the extremity of the lipid.
Family clustering. A clustering in families has been applied to 10,000 snapshots from each MD simulation in order to visualize general tendencies. A particular snapshot from the MD is associated with a family only if the five dihedral angles differ from the corresponding density peak by less than twice the standard deviation. The characteristics of the five most populated families are listed in Table III for the natural Nod factor and synthetic compounds 1 and 4 and in Supplemental data, Table S2 for the other compounds. The low population of each family, depicted in their percentage of occupancy, reflects the high flexibility of the acyl chains. In addition to the reported families, several snapshots have not been classified because of the narrow range that characterizes each class. The most representative structures from each family were superimposed and displayed in Figure 3 . All conformations of the native Nod factor N have a common α1 angle value according to the main peak of the histogram described previously (−98°). Whereas the angle α2 has values around 68°in the three most populated families and 178°in the other ones, the angle α3 shows common orthogonal features. Only the most populated family (12.8%) presents α4 values around 63°; in the other cases, this angle is around 180°. α5 presents angle values around 63°for families 1 and 3, 178°for families 2 and 4 and −73°for family 5.
The ortho compound 1 shows two distinct values for the angle α1, around 158°, in the most populated families, and −128°. The orthogonal features of the α2 reflect the relative rigidity of this compound, due to the hydrogen bonds between the lateral chain and the carbohydrate scaffold. The angle α3 oscillates between −65°(families 1, 4 and 5) and 65°(families 2 and 3). The α4 dihedral results planar with an exception for family 1, in which this angle takes values around 73°, whereas the dihedral α5 mainly shows values around −108°(families 1, 2 and 4), 93°(family 3) and 158°( family 5).
The most populated family of the molecule 2 in the syn orientation (7.7%) presents values α1 and α2 around −60°and −68°, respectively. Structures of this family also have α3 The families were classified according to the lipid flexibility and the population of conformers is reported in percent. angles around 178°(the same behavior is reported for families 2, 4 and 5) and α4 angles around −63°. The dihedral angle α5 assumes values around −98°, like the structures that belong to families 4 and 5. The anti conformer of the synthetic Nod factor 2 shows a main populated family (14.9%) with α1 angle around −165°. The angle α2 is planar for most of the families, whereas the angle α3 assumes values around −68°, as described families 3 and 4. The dihedral angle value α4 oscillates around −68°, whereas the angle α5 assumes values around 108°. In the less populated families, α4 and α5 dihedral values are around 178/68°and −103°, respectively. The molecule 3 in its syn orientation presents two main families sharing common geometrical features. In particular, angles α1, α4 and α5 assume values around 145°, 178°and −17°, respectively. α2 assumes values around −68°(family 1) and 178°(family 2), whereas α3 assumes values around −65°( family 1) and 65°(family 2). In the anti orientation, compound 3 shows 17.5% structures clustered in family 1, with angles α1 distributed around 135°, α2 and α3 around 63°, α4 around −115°and α5 around −145°.
The families for the meta-substituted compound 4 were classified taking into account the four dihedrals α1, α2, α3 and α4. The syn conformation presents a main family (27.7%) with α1 around 125°. Snapshots belonging to this family have dihedrals α2 around −103°, α3 around −63°and α4 around −175°. This family mainly differs from the others around the angle α2 (173/−63°) and α3 (178°). The angle α4 oscillates between −65°and −175°. The anti conformation of compound 4 presents more flexibility in water, reflected to the low population of conformers that characterize each family. The dihedral angle α1 takes values around −175°, except for family 3 (5°), and α2 takes values around −178°, except for family 3 (65°). The angles α3 and α4 assume different values around −68°(families 1, 2 and 3), 63°(family 4) and −178°( family 5).
General shape. The average radius of gyration was calculated over 10 ns for each structure. Structural information about the syn and anti conformations of the meta-substituted compounds were combined, in order to have a general idea about the shape that they can adopt in solution (Supplementary data, Table S4 ). The smallest radius of gyration was obtained for compound 1, 7.3 ± 0.4 Å. The meta-substituted Nod factor analogs have a radius of gyration between 7.5 and 7.8 Å. The larger values are obtained for compounds 2 and 4, where the presence of an unsaturated bond in the acyl chain results in an elongated form (7.8 ± 0.8 and 7.7 ± 0.8 Å). Compound 3 and native Nod factor N have a radius of gyration of 7.5 ± 0.8 and 7.6 ± 0.8 Å, respectively.
The distance between the sulfate group at the carbohydrate-reducing end and the extremity of the acyl chains was also evaluated. Although the distances do not show a large degree of variation, the smallest Co … S one was obtained for the ortho-substituted compound 1 (12.0 ± 5.1 Å), followed by the meta-substituted compound 3 and the native molecule N, with distances of 12.9 ± 5.4 and 14.6 ± 4.8 Å, respectively. According to the information obtained though the evaluation of the radius of gyration (Supplementary data, Table S4 ), these compounds occupy a more limited space in a water environment in which lipid moieties show preferred conformations close to the saccharide portion along the simulations. Compounds 2 and 4, in which the lipid chains assume a perpendicular position with respect to the sugar scaffold for a significant amount of time, show an increased C-S distance of 14.6 ± 5.6 and 15.3 ± 5.2 Å, respectively.
Inter-residue contacts. In order to correlate MD simulations and NMR experiments, inter-residue distances were measured for the carbon-linked proton and short distances were analyzed. For the chitotetraose moiety, only distances between the anomeric proton and the H3, H4, H5a, H6a and H6b across the glycosidic linkages display values <4 Å. No significant differences could be observed between compounds and only the data corresponding to compound 1 are listed in Table IV .
Interestingly, contacts between the proton of the aryl group and the non-reducing end of the sugar scaffold are predicted for the models of the meta-substituted compounds 2-4. In particular, for the syn conformers, the hydrogen atom H2-E makes contacts with hydrogen H3-A (4.1 Å), H1-A (4.1 Å), HO6-B (4.4 Å), H6a-B (3.7 Å) and H6b-B (4.0 Å). For the anti conformations, hydrogen atom H6-E would be involved in the contacts with the same atoms listed in the previous case, with similar average distances.
As for contacts between the acyl chain and the carbohydrate moiety, the measurement of inter-proton distances in the simulations also revealed possible geometries in which the lipid chains can assume relatively close positions with respect to the sugar scaffold, as will be described below.
NMR experiments and comparison with theoretical data
To complete the structural characterization of the nodulation factor analogs, comparison with NMR experimental data was performed when possible. First, the aggregation state of the nodulation factor analogs was studied. The amphipathic character of these molecules, due to the presence of the hydrophobic chains, could confer non-monomer states to these compounds. By means of diffusion-ordered spectroscopy (DOSY), it was confirmed that at concentration between 0.1 and 1 mM, the molecules did not show any observable Table IV . Relevant average inter-residue proton-proton distances from the MD simulations of compound 1 (with SD) and comparison with the experimental NMR data (s, strong; w, weak; asterisk, overlapping) Key structural features of synthetic nodulation factors aggregation. Thus, the experimental data were unambiguously correlated with monomeric species, which are those expected at the very low physiologically active concentrations (below nM). For all molecules (1-4), the NMR assignments were accomplished through nuclear overhauser enhancement spectroscopy (NOESY) and total correlated spectroscopy (TOCSY) experiments, in either D 2 O or H 2 O/D 2 O. The concentration of the monomeric species ( 1 mM) was sufficient to obtain a significant number of unambiguous assignments. Nevertheless, severe signal overlap characteristic of oligosaccharidic structures was found for many of the pyranose proton resonances. A similar situation occurred in the lipid proton region. However, there was a clear distinction among the signals arising from the anomeric protons (H-1, 4.2-5.0 ppm), from the H2-H6 sequence (3.2-4.0 ppm), from the lipid moiety (0.5-1.5 and 2.15-2.3 ppm) and the aromatic region (6.7-7.6 ppm; Supplementary data, Tables S5 and  5S5 ). The amide region (8-8.7 ppm) was also analyzed using experiments in H 2 O. The NOESY and TOCSY spectra in H 2 O/D 2 O contained information on the contacts between the anomeric proton H1 of each residue and the H4 (although with overlapping) and H6 protons of the following residues.
When these contacts do exist at the same time, they can be safely correlated with allowed exo-anomeric conformations in which the glycosidic torsion angles assume values of Φ/Ψ around −80/−130°. Indeed, in all compounds, these cross-peaks were found in the NOESY spectra (Figure 4 ), corresponding to the major conformations found in the MD simulations. Detailed of the inter-residue NOESY-derived distances are listed in Table V . The interresidue NOESY contacts relevant to compound 1 conformation have been indicated in Table 4 for comparison with theoretical data.
Analysis of the intra-residual NOE cross-peaks also confirmed the stability of the 4 C 1 chair conformation of each sugar residue. The anti conformation of the amide exocyclic group of the sugar residues predicted in the MD simulations was confirmed by the measurement of the J coupling constants between each amide proton and the proton H2 of the sugar residues, displaying values >8 Hz in NMR spectra, typical for anti-type torsional angles.
Concerning the torsion angle η, the NMR data revealed the presence of two different geometries, anti and syn, interconvertible in solution, corresponding to two orientations around this dihedral angle. In fact, the NOESY experiments for the meta-substituted structures showed two mutually exclusive NOE contacts between the amide proton and the aromatic protons ( Figure 5A ). Thus, this experimental evidence confirmed the existence of two low-energy conformations around the η torsion angle for compounds 2, 3 and 4.
In contrast, for the ortho-substituted compound 1, only one ortho proton to the carboxylate exists (H6E). In this case, a weak NOE contact between the amide proton and H6E was found ( Figure 5B ). The weak intensity of this cross-peak does correlate with the anti conformation where both protons HN and H6E are farther than 3.5 Å apart than with the syn conformation where both protons should be closer than 2.5 Å, therefore indicating the major presence of the anti conformation in solution. This behavior was corroborated with the MD simulations: even when the simulation started in the syn conformation (η ca. 0°), after 200 ps, the geometry changed to the anti orientation (η ca. 180°). This observed conformation is also stabilized by a hydrogen bond between the HN of the amide at ring A and the oxygen of the side chain attached to the aromatic moiety. The 10 ns MD simulations revealed short-duration interactions between the sugar scaffold and the lipid moieties. The analysis of the NOESY spectrum did not yield evidence for stable contacts between the sugar and the lipid portions of the molecule. 
Conclusions
Natural and synthetic nodulation factors have a complex conformational behavior, with the association of a rather-rigid oligosaccharide moiety and a more flexible lipid chain. They may adopt a variety of shapes in water solution. Nevertheless, the average three-dimensional structures of synthetic nodulation factors can be characterized using a combination of experimental NMR and MD simulation data. The results of these studies indicate that chemical modifications influence the spatial disposition of the lipid chain and the shape that they can assume, whereas the carbohydrate portion displays a relatively stable dynamic behavior. The lipid moieties have a considerable degree of freedom and can take up rather different orientations in equilibrium, and the lipid-sugar contacts are relatively scarce. The classification of the acyl chain conformations in solution gives information about the preferential disposition of these molecules in space, influenced by an explicit water environment. Still, different shapes and dynamics are accessible to the natural and synthetic molecules, depending on the chemical nature of the substitution, the aromatic ring and the character of the unsaturation of the lipid chain. The biological results obtained with these compounds clearly showed (Beau et al. 2005 ) that the metasubstituted benzamide analog 2, designed to mimic as closely as possible the overall geometry of the E-carbon-carbon double bond at position 2 of the acyl chain in the natural Nod factor N, retained very high morphogenic activity. Furthermore, the ortho-substituted compound 1 had a significantly lower activity. This last compound obviously does not properly mimic an extended conformation of the native acyclic chain. It is further demonstrated in this study that, even in a water environment, a key hydrogen bond between the phenolic oxygen of the chain and the nitrogen at sugar A provides an additional rigidity of the overall structure that could well participate to a lowering of the nodulation activity.
The structure of the Nod factor in the receptor-bound state could be influenced by the structure of the binding pocket, limiting the utility of ligand-focused MD and structural studies presented herein to fully rationalize the known SAR. However, the data herein reported permit to hypothesize that the modification of the flexibility of the lipid moieties plays an important role in modulating the recognition process and the biological response, decreasing accessible portions of the oligosaccharide to the binding site. In the absence of structural data concerning the receptor, this type of study has the potential to assist the rationalization of the experimental SAR data.
Experimental section Materials
Compounds 1 and 2 have been synthesized as described previously (Grenouillat et al. 2004 ). Synthesis of compounds 3 and 4 has been described by Beau et al. (2005) .
Nomenclature A schematic representation of the nodulation factors taken into account in this study, along with labeling of the nonhydrogen atoms, is shown in Scheme 1. In this study, we have considered nine main conformational degrees of freedom. The flexibility of the carbohydrate scaffold and the hydroxyl groups is described by the following torsion angles: Φ = O5-Cl-O1-C4 +1 , Ψ = Cl-O1-C4 +1 -C5 +1 , ω = O5-C5-C6-O6. The torsion angle between the carbohydrate scaffold and lipid chain in the Nod factor analogs 1-4 is defined by η = Oe-Ce-C1e-C2e. The orientation of the fatty acid group linked to the aromatic moiety is defined by the five following torsion angles: α1 = C1e-C2e-O1f-C1f (ortho compound)/ C2e-C3e-O1f-C1f (meta compounds), α2 = C2e-O1f-C1f-C2f (ortho compound)/C3e-O1f-C1f-C2f (meta compounds), α3 = O1f-C1f-C2f-C3f, α4 = C1f-C2f-C3f-C4f and α5 = C2f-C3f-C4f-C5f. The behavior of the acyl chain of the native compound was described taking into account the following torsion angles: α1 = C1f-C2f-C3f-C4f, α2 = C2f-C3f-C4f-C5f, α3 = C3f-C4f-C5f-C6f, α4 = C4f-C5f-C6f-C7f and α5 = C5f-C6f-C7f-C8f.
NMR spectroscopy
For NMR measurements, 1 mg of each compound was dissolved in 1 mL of D 2 O. Compounds were recovered and dissolved again in 1 mL of H 2 O/D 2 O 15% for the spectra in water solution. In both cases, the concentrations were between 1-2 mM. 1 H NMR NOESY and TOCSY spectra were obtained using the standard pulse sequences with WATERGATE for experiments in H 2 O/D 2 O and presaturation Key structural features of synthetic nodulation factors for experiments in D 2 O provided by manufacturer on two different spectrometers: BRUKER NMR spectrometer operating at the frequency of 800 MHz (spectra in D 2 O of molecules 1, 2 and 4) and VARIAN NMR spectrometer operating at the frequency of 900 MHz (spectra in H 2 O/D 2 O 15%, for compounds 1, 2 and 3). NOESY spectra were collected with mixing times between 60 and 300 ms at the temperatures ranging from 278 to 288 K. For DOSY experiments, all samples were prepared in D 2 O. The standard BRUKER DOSY protocol was used at 298 K on an AVANCE 500 MHz equipped with a broad-band z-gradient probe (Groves et al. 2005) . Thirty-two one-dimensional 1 H spectra were collected with a gradient duration of δ = 2 ms and an echo delay of Δ = 100 ms. Acquisition times of 8-15 min (8-16 scans) were required for the samples. The ledbpg2s pulse sequence, with stimulated echo, longitudinal eddy current compensation, bipolar gradient pulses and two spoil gradients, was run with a linear gradient (53.5 G cm −1 ) stepped between 2 and 95%. The one-dimensional 1 H spectra were processed and automatically baseline corrected. The diffusion dimension, zero-filled to 1 k, was exponentially fitted according to preset windows for the diffusion dimension (−8.5 < log D < −10.0).
Building of initial models
Nodulation factors starting structures were built using Sybyl 7.3 (Tripos Associates, St Louis, MO). As starting point, the lowest energy conformations of each glycosidic linkage were selected from available adiabatic maps of β-D-GlcpNAc (1,4)β-D-GlcpNAc (http://www.cermav.cnrs.fr/glyco3d/). The acyl chains were built in extended conformation. For the linkage between the carbonyl and the phenyl group (η) of compounds 1-4, two different starting conformations were considered, syn and anti. Long MD simulations for compound 1 were only run in anti conformation according to data derived from NMR experiments (see Results section). For the glycosidic linkages, which are identical in all compounds, the parameters from GLYCAM06 force field (Kirschner et al. 2008 ) have been assigned, and acyl chains were described using parameters adopted from Wang et al. (2004) . For charge calculations, the carbohydrate moiety and the lipid one were separated in two compounds. A methyl group was used as cap for the sugar scaffold, whereas the ACE (CH 3 CO) group was used as cap for the lipid chains in order to mimic the system present at the linkage with the sugar scaffold. Charges were derived using the RED server (http:// q4md-forcefieldtools.biz/REDS/). The net charge for each sugar unit was set to −1 for the presence of the sulfate group, whereas the lipid portion was set as neutral. The carbohydrate and lipid portions were then merged together. A new topology input file was created for each system in which electrostatic and van der Waals scaling factors (SCEE and SCNB) were set to the unity for the sugar scaffold (Glycam force field) and 1.2/2 for the lipid portion (Amber force field).
Molecular dynamics
Each compound was placed in a 10 Å depth truncated octahedral box of explicit TIP3P waters, and sodium ions were added in order to neutralize the systems. Equilibration and production phases were carried out by PMED module implemented in Amber 10 (University of California). The equilibration phase consisted on energy minimization of the solvent to remove the initial bad geometries followed by an energy minimization of the entire system without restraints. The system was then heated up from 10 to 288 K during 100 ps MD with weak restraints on the solute followed by 100 ps dynamics at constant temperature and constant pressure of 1 atm. The MD production phase lasted 10 ns under constant pressure of 1 atm and constant temperature of 288 K, according to the NMR experiments, controlled by the Langevin thermostat with a collision frequency of 1.0 ps −1 . During the simulations, the SHAKE algorithm was turned on and applied to all hydrogen atoms (Ryckaert et al. 1977) . A cutoff of 10 Å for all non-bonded interactions was adopted. An integration time step of 2 fs was employed, and periodic boundaries conditions were applied throughout. During all simulations, the particle mesh Ewald method was used to compute long-range electrostatic interactions (Darden et al. 1993) . The analyses of the simulations were performed using the Ptraj module of AMBER10 (University of California). The visualization of the trajectories was performed using VMD software (Humphrey et al. 1996) . Data were processed and plotted using R software.
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Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/. 
